The interaction of point defects with extrinsic Frank loops in the photovoltaic absorber material Cu(In,Ga)Se2 was studied by aberration-corrected scanning transmission electron microscopy in combination with electron energy-loss spectroscopy and calculations based on density functional theory. We nd that Cu accumulation occurs outside of the dislocation cores bounding the stacking fault due to strain induced preferential formation of Cu
The interaction of point defects with extrinsic Frank loops in the photovoltaic absorber material Cu(In,Ga)Se2 was studied by aberration-corrected scanning transmission electron microscopy in combination with electron energy-loss spectroscopy and calculations based on density functional theory. We nd that Cu accumulation occurs outside of the dislocation cores bounding the stacking fault due to strain induced preferential formation of Cu
−2
In , which can be considered a harmful hole trap in Cu(In,Ga)Se2. In the core region of the cation-containing α-core Cu is found in excess. The calculations reveal that this is because Cu on In-sites is lowering the energy of this dislocation core. Within the Se-containing β-core, in contrast, only a small excess of Cu is observed, which is explained by the fact that CuIn and Cui are the preferred defects inside this core, but their formation energies are positive. The decoration of both cores induces deep defect states, which enhance nonradiative recombination. Thus, the annihilation of Frank loops during the Cu(In,Ga)Se2 growth is essential in order to obtain absorbers with high conversion eciencies.
Thin-lm solar cells with Cu(In,Ga)Se 2 (CIGS) absorber layers exhibit record conversion eciencies of up to 22.6% [1] . Numerous reports have discussed how polycrystalline CIGS-based solar cells can reach such device performances, in spite of the high density of extended, structural defects [2] .
The three-stage co-evaporation technique [3] , in which the CIGS lm passes through a
Cu-rich ([Cu]/([In]+[Ga]) > 1) stage, is known to lead
high eciencies as well as to the reduction of planar defects (PDs) [4, 5] . In a previous study, we have shown that highly symmetric PDs, such as lamellar twin boundaries (TB) and stacking faults (SF), are present in both growth-interrupted -where the process stopped before reaching the Cu-rich stage-as well as growth-nished absorbers [6] . We have also found irregular-complex PDs with cation redistribution present only in the growthinterrupted absorbers. Since highly symmetric PDs are present in growth-nished absorbers and do not substantially aect the electrical properties of the photovoltaic absorber [7, 8] , PD annihilation would be benecial only if other types of defects disappear, i.e., irregular PDs which do induce signicant changes in the density of states (DOS) relative to the bulk [4] .
To reveal why the PD annihilation appears to be ben- tion, in order to obtain high defect concentrations [9, 10] .
The continuation of the process with a Cu-rich stage is known to reduce the density of PDs [4, 6] . Up to the point of interruption, the sample was processed like a fully working solar cell, but we did not continue with the Cu-rich stage and subsequent In-Ga-Se deposition (third stage), the buer and window layers deposition.
Cross-sectional TEM lamellae from the CIGS thin lms were prepared with a Zeiss Crossbeam 1540XB focused ion beam (FIB) machine using the lift-out method [11, 12] . Sample preparation artifacts were carefully minimized by following established procedure for producing high quality samples for low voltage high res-olution microscopy observation [13] . Structural analysis with atomic resolution was performed using highresolution STEM (HR-STEM) and electron energy-loss spectroscopy (EELS) [14] , providing insights into the atomic arrangements in and around the dislocation cores.
A Cs-corrected Nion UltraSTEM 100, equipped with a cold eld emission gun (CFEG), was operated at 100 kV acceleration voltage for the HR-STEM investigations [15] . The microscope is equipped with a Gatan Enna spectrometer for the EEL spectrum imaging, i.e., the acquisition of a three-dimensional data cube with both, special and spectral information about the selected region. [20] as implemented in the software of Henkelman and co-workers [21, 22] . Elastic dipole tensors of the most relevant point defects in
CISe were calculated following the discussion by Freedman et al. [23] and using supercells up to 512 atoms with a k-point grid of 2x2x2. We performed our study only for CISe to be consistent with experiments, due to the fact that the defect was localized in the Ga-poor region of the sample. Nevertheless, we discuss the validity of our conclusions for the quaternary compound. an extrinsic SF, whereas the deletion of a lattice plane produces an intrinsic SF. Interestingly, this extrinsic SF terminates within the yellow boxes drawn in the same gure. This termination is only possible due to the presence of partial dislocations separating the faulted regions from the perfect crystal [24] .
There are two types of partial dislocations; i) glissile Shockley partials, which can move by gliding, and ii) sessile Frank partial dislocations, which cannot glide but climb instead [24] . In the partial dislocations shown in Fig. 1(a) , the Burgers vector, b = ∓1/6<221>, is normal to the plane of the fault. As a result, it cannot glide, indicating that this is an extrinsic Frank partial dislocation. Furthermore, similar to the case of silicon [25] and based on its sessile nature and what has been found for planar defects in CuInSe 2 occurring on low energy facet planes [26] , it can be concluded that this is a grown-in defect and not the result of mechanical strain relaxation.
In order to study the properties of this Frank loop by means of DFT calculations a corresponding supercell with a SF bounded by two straight Frank partials was built. As the observed defect was localized in the Gapoor region of the sample, the simulations were carried out for a CISe structure. This conguration allows us to study a slice of an extrinsic Frank loop, and its relaxed structure can be seen in Fig. 1(b) . All atoms are fully coordinated, and no dangling bonds are found. Owing to the symmetry of the chalcopyrite structure of CISe and its slip plane (112), in which this defect occurs, any transversal cut of a stoichiometric Frank loop in this material will consist of two structurally dierent transversal sections of the Frank partial bounding the loop, an α-and a β-core, and the extrinsic stacking fault between them. The inserted plane terminates in anions for the β-core ( Fig. 1(c) ) and in cations for the α-core ( Fig. 1(d) ). More importantly, Cu-rich clouds were found outside of both cores coinciding with a lower In signal intensity. Directly at the dislocation cores, however, the α-core shows a considerable excess of Cu, while the β-core exhibits only a slight increase in the Cu signal compared to the bulk material. Furthermore, immediately below the cores and to the side of the SF, a subtle drop in Cu signal is seen to coincide with a small increase in In.
In order to understand such atomic rearrangements, we studied the chemical decoration of Frank partials by means of relative formation energies, dened as: 
25eV).
In the cation-containing α-core, Fig. 3(c) , the neutral and charged Cu In antisites exhibit negative formation energies, which means that this defect would occur spontaneously and that the α-core has a tendency to be decorated by excess Cu. Within the relevant range of Fermi energies, the neutral antisite is the most stable conguration. Thus the Cu-rich dislocation core has no excess charge. Only when E F is extremely close to the VBM, also the In Cu antisite has a negative E q RFE and could occur. Since these thermodynamic conditions do not occur in the real absorber, we can conclude that the decoration of the α-core by neutral Cu In is the main reason for the considerable Cu accumulation at the α-core observed in experiments.
For the Se-containing β-core, In order to elucidate the nature of the Cu clouds detected around the cores (Fig. 2) , further HAADF and EELS experiments were conducted. Over a larger eld of view, such results obtained on other, similar line defects showed Cu clouds which extend up to 10 nm away from the dislocation cores (see supplementary material). The absence of dangling bonds in the relaxed stoichiometric structures and the resulting absence of localized charges rules out electrostatic interaction, which is in contrast to the case of full dislocations reported by Dietrich et al. [29] . The non-symmetric distribution of the Cu clouds around the dislocations also provides a hint that they cannot be due to electrostatic potentials, which would imply only a radial dependence of Cu distribution.
Therefore, we tested if strain is a possible driving force of such atomic redistribution around the cores. Geometrical phase analysis (GPA) [30] was used to visualize the compressive and tensile strain elds associated with the dislocation cores. The main x and y axes, chosen for the strain analysis, are presented on the HAADF image in Fig. 1(a) . In antisite constitutes the most harmful hole-trap in CIGS absorber layers [27] . Thus, Cu clouds composed by such defects would be also detrimental for the eciency of the device.
In the case of the quaternary compound CIGS, conclusions can be drawn by including Ga in our analysis.
In such situation the expected In rich clouds would include Ga +2 Cu along with In +2 Cu , since both would respond similarly to strain due to the analogous ionic radius of In and Ga. It was shown that both Ga +2 Cu along with In
+2 Cu
are shallow donor defects [27] . Therefore, our nding of Cu In presence being the factor determining the detrimental nature would remain valid for CIGS.
In conclusion, we have elucidated the structure and chemistry of Frank loops in CIGS thin lms at atomicresolution and have correlated them with DFT simulations. Our EELS and DFT results suggest that inside the cores, asymmetric Cu excess occurs depending on the structurally caused cation or anion excess in α-and β-cores, respectively. We found that the considerable Cu excess observed in the α-core is due to the neutral Cu 0 In antisites, which have a negative formation energy 
